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ABSTRACT	 c . dr	 ".. Locomotor Output Cycles Kaput), one of the transcription factors
Background Disruption of the circadian system may be causal for 	 from the positive'limb f the molecular clock is involved in
manifestations of the metabolic syndrom (Me ts) , ., '.

	 metabolic alterations (2) It has been shown	 in animal models that
Objective The objective was to study the associations of 5 CLOCK	 mice with Clock gene disruptions are prone to develop a phe
polymorphisms with MetS features by analyzing fatty acid (FA) 	 ito'ty'pe resembling MetS (3) In 2004 Pudic et al (4) showed
composition from dietary and red blood cell (RBC) membrane 	 that mutations in the Clock gene were associated with impaired
sources	 r	 4•'4 I	

glucose tolerance i which indicates that the disruption of the
Design Participants (n = 1100) in the Genetics of Lipid Lowering	 circadian system maybe causal for the expression of some of the
Drugs and Diet Network (GOLDN) study were included. :Dietary 	 MetS components.
intake was estimated with a validated questionnaire. Anthropothet-	 Lipids, especially fatty acids (FAs), play a critical metabolic
nc and biochemical measurements and genotypes weredetermined, 	 role (5). In particular, the composition of membrane.FAs greatly
Postprandial lipids and the FA composition of RBC.membranes 	 influences membrane function, and the interplaybetween dietarywere analyzed.	 .	 . ,.	 .	 FAs, membrane lipid composition, and several MetS componentsResults: CLOCK single nucleotide polymorphisms were signifi- 	

has been reviewed (6). Moreover, mounting evidence suggestscantly associated with obesity and individual components of Mets. 	 that FA might regulatedifferèiil êhronoblological fuctidns. FAsFor single nucleotide polymorphism rs4580704, minor allele car-	 affect pineal function; which is -implicated in the sleep-akeriers had a 46% lower risk of hypertension than did noncarners: The 	 rhythm and may play a role-in the regulatidn of locomotor andmonounsaturated fatty acid (MUFA) content of RBC membranes; 	
exploratory activity (7). Studies perfbimed in' experimentalparticularly oleic acid, changed according to CLOCK genetic var-	
models show that changes in the piheal di'embrne FA coiilpo-iants (P C 0.05). We identified significant gene-diet interactions 	
ition are associated with lessning of le ielàtnin rhythm andassociated with MetS at the CLOCK locus. By dichotomizing	

a weakening of the endogenous functioning of the circadian clockMUFA intake, we found different effects across rs4580704 geno- 	
and play a role	 intypes for glucose (P = 0.020) and insulin resistance (P= 0.026YThe	
attention deficit/hyperactivitydICbrd (7).CohveSély, the cir-protective effect of the minor allele on insulin sensitivity was only	
cadipresent when MUFA intake was >13.2% of energy. We also found 	 system 	

.. .	 ........an syst	 h been report..ed ..to influence lipid :
.......

mmetabolis
different effects across CLOCK 3111 T- C genotypes	 through the regulation, of expression an&or activity of 1 some'for saturated	 ....	 . .., .............-- .	 .	 .	 -	 metabolic enzymes and transport systems involved in FA me-fatty acid intake (% of energy) (P = 0.017). The deleterious effect of 
gene variants on waist circumference was only found-with high 	 ...	 ... . iWit	 e .Eji '
saturated fatty acid intakes (>11.8%). 	 From the Department, of . Phys oiogy, Uniersity.of Murcia,Conclusions: CLOCK polymorphisms interact with FAs to modu-	 Spai (MG); the jean Mayer US Department of Ariculture Human Nutri-
late MetS traits. The dietary source and membrane content of 	 tioi Research Center on Aging, Tufts University School of Medicine, Bos-
MUFAs are implicated in the relations between alterations in the 	 ton, MA '(MG.Y-CL, IS, LOP, C-QL, and JMO); the Department of
circadian system and MetS. 	 Am] C/in Nutr 2009;90:1466-75,	 Epidemiology, University of Alabama at Birmingham, Binninghath,.AL

'(DKA); and the Department of Experimental and Clinical PhannacOlogy,
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thbolism (8, 9). As such, several nuclear receptors involved in
lipid metabolism have been found to exhibit circadian rhyth-
micity of expression (10). Peroxisome proliferator—activated
receptor a (PPARa), a nuclear receptor. family, member,
provides an example , of coordination between circadian and
metabolic processes (10- It has been shown that CLOCK!
BMALI:mediated transcription of period (PER) and 'ctypto-
3hh,rne (CRY) 

is modulated by PPAR&/RXRn, which suggest
th4t there may be crôssialjc between PPARfflXRa- and CLOCK)
BMALI-regulated systeths'and lipid metabolism (12-44):

More recently; these' re ,arch efforts have been extended to
gab further under'tan4ing about the role of CLOCK variants in
human obesity and . MetS'risk. Thus far, only 2 studies hhve
specifically fobused on MetS, 'and no study has yet related
CLOCK gene polymorphisms to any jartièular MetS component
(15, 16). Interestingly, de- spite the potetial influence of mem-
bran'es' PA composition in'both; the regulation of the circadian
ysteni regulation and the risk of the MetS, there has been study

of thessoóiations between PA erythrocyte membr'dne Compo-
iition 'and dietary intake and 'human CLOCK gene poly-
i&iorphisms. TherefoM, the objective of this investigation was to
study the associations of CLOCK genetic polymorphisms with
MetS fèatüres and describe environmental interactions such as
those associations modified by dietary FAs.

SUBJECTS AND METHODS

Study participants and study design

The study sample consisted of 540 men and 560 women who
participated in the Genetics of Lipid Lowering Drugs and Diet
NOtwork '(GOLDN) study. GOLDN is part of the Program for
Genetid Interactions Network and is funded' by the National
Institutes'df Health through the University of Alabama at Bir-
i&iingham'-an'd"iti"cdllaboration' With the University of Utah;
Wä'shihgton Uhivërsity, Tuft s , University, 'University of'Texas'
University of Mkhigán, University of Minnesota, and Fairview-
University Of Minnesota Medical Center. Most participants were
re-recruited from -3-generational pedigrees from t*O National
1`16ait, Lung, arid Blood Institute Family Heart Study field centers
(Minneapolis, MN, and Salt Lake City, UT) (17), All individual's
were of European descent. The details of the study design were
previously described (18). The protocol was approved by the
Institutional Review Boards at the University of Alabama, the
University of Minnesota, the University of Utah, and
University. .,

Anthropometric measurements

W& measUred *eight With a lieam balance, hip circumference
at maximal hip girth and waist circumference at the umbilicus
Bod' thàs' indék (BMI) was ciculated as Weight '(kg)/height2
(m) and obesity was defined as BMI > 30 We administered
cliiiibal dñd lifestyle tesfionhairès hKd created an interviewer-
idiñinistr,éd direct data"nt' system for the diet-hisiry djè-
tfonniire' (DHQ) develded by the National CancerInstitute.'

Dietary intake.

, , Dietary: intake was estimated by use of the DHQ, a'. food-
frequency 'questionnaire 'dei'eloped by staff at the Risk Factor

Monitoring and Methods Branch. It consists of 124 food items
and includes both portion size and dietary supplement questions.
Two studies were conducted to assess its validity (19, 20). The
food list and nutrient database used with the DHQ are based on
national dietary data (21).

Biochemical analyses
We drew venous blood after the study participants had fasted

overnight. Plasma samples were stored and analyzed together.
Blood collection, plasma separation and processing, and bio-
chemical analyses for plasma lipids (including triglycerides, total
cholesterol, HDL cholesterol, and LDL cholesterol), glucose,
insulin, adiponectin, and interleukin-6 (1L6) were previously
described (22, 23).

Postprandial study fat challenge

The postprandial: study fat. challenge consisted of a meal
formulated according to the protocol of Patsch et at (24).The
meal, which participants were instructed to consume within 15
mm, contained 700 kcal/m body surface area (2.93 MJ/m 2 body
surface area); 3% of energy was derived from protein, .14% from
carbohydrate, and 83% from fat sources. The cholesterol content
was 240 mg, and the ratio of polyunsatuçated fatty acid (PUFA)
to , saturated fatty acid (SPA) was . 0.06. The average person
consumed 175 mL heavy whipping cream (39.5% fat) and 7.5
ml. powdered, instant, nonfat dry milk blended with ice and 15
mL chocolate- or strawberry-flavored syrup to increase palat-
ability. We drew blood samples immediately before (time 0) and
3.5 and 6 h after the high-fat meal.

Erythrocyte membrane fatty acid determination

Fasting blood samples were collected into EDTA-containing
tubes. Erythrocyte membrane separation and PA extraction fol-
lowed procedures previously described (25, 26). The final product
was dissolved in heptane and injected into a capillary Varian
(Palo Alto, CA) CP7420 100-rn column with a Hewlett-Packard
(Palo Alto, CA) 5890 gas chromatograph equipped with
a HP6890A autosampler. FA methylesters from 12:0 through 24:1
(n-9) were separated, identified, and expressed as a percentage
of total FAs.

DNA isolation and CLOCK genotyping

We selected tag single nucleotide polymorphisms (tag SNPs)
as effective proxies for untyped SNPs in strong linkage dis-
equilibrium (LD) by using the Tagger (27) based on HapMap
Caucasian European Utah data (28) with a minor allele frequency
(MAP) ^0.10 and a minimum r2 of 0.8. Tagger uses an algo-
rithm that selects tag SNPs to construct single- and multi-marker
tests to capture alleles of interest based on the computed cor-
relation ? between them.

For haplotype analysis we estiMated haplotype fre quencies
using, the expectation-maximization algorithm implemented in
1-lelixTree for ti subset of SNPs selected on the basis of individual
assdciat,ion"With a given 'trait (29). To' determind'thetassocia'
tion between haplotypes and phenotypes, we exdthined the as-
sociation between haplotypes and given, traits using linear
regression models, while treating' carriers or noncarriers of a
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haplotype as a predictor (30). Analyses were adjusted for po-
tential confounders.

DNA was isolated from blood samples by using routine DNA
isolation sets (Qiagen, Hilden, Germany). We performed geno-
typing of CLOCK gene polymorphisms using a TaqMan assay
with allele-specific probes on the ABI Prism 79001-IT Sequence
Detection System (Applied Biosystems, Foster City, CA) ac-
cording to standardized laboratory protocols (31).

Bioinformatics analysis

The LD plot between the studied SNPs is shown in Figure 1.
SNPs were selected by using 3 criteria: literature reports of
genetic associations or biological function of interest, bio-
informatics functional assessment, and LD structure. In con-
junction with the selection of tag SNPs, we also performed
a bioinformatics analysis of the genomic DNA sequence en-
compassing the different SNPs in order to ascertain putative
biological consequences of the different alleles. SNPs mapping
to regions upstream of the transcription start site or within in-
trons were studied with MAPPER (32) to identify potential
allele-specific transcription factor binding sites. No intronic
SNPs altered splice acceptor or donor sites or other signals
recognized by the splicing machinery, such as the poly-
pyrimidine tract. Polymorphisms within the 3'-IJTR of the
mRNA can exert an effect on the folding of the mRNA with
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FIGURE 1. Linkage disequilibrium (I-DI plot between he single
nucleotide polymorphisms (SNPs) selected and the LD plot across the
CLOCK gene. The horizontal white bar depicts the 113-kb DNA segment
of chromosome 4q12 analyzed in the sample. The 5 tag SNP locations are
indicated by hatch marks. In the LD plot depicted in the bottom part of the
figure, each diamond represents the magnitude of LD for a single pair of
markers. The dark tones indicate strong LD (i-2 = 1.0), the white tones
indicate no LD (12 = 0), and the gray tones indicate intermediate LD. The
numbers inside the diamonds indicate the r2 (D') value.

concomitant changes in mRNA stability. Such was tested with
RNAfold (33) within the Vienna RNA package.

Statistical analysis

Those variables, which were not normally distributed, were log
transformed. We applied analysis of variance and Student's r test
to compare crude means across genotype groups. We tested
different genetic inherent models, and a dominant model was
applied in the final analyses for all the SNPs selected, except for
rsl8Ol2fl() (311 IT—*C), which followed a recessive model. We
carried out multivariate adjustments of the associations by
analysis of covariance and estimated adjusted means. We ad-
justed analyses for sex, age, and family relationships. We also
tested the statistical homogeneity of the effects by sex in the
corresponding regression model with interaction terms. The
familial relationships within the population were adjusted by
using a generalized linear model implemented in the GENMOD
procedure in SAS assuming an exchangeable correlation struc-
ture within pedigree (34, 35) We fitted logistic regression
models to estimate the odds ratios (ORs) and 95% CIs of obesity
and particular MetS components, such as high triglycerides,
high glucose, high blood pressure and abdominal obesity asso-
ciated with the CLOCK polymorphism. We used routine re-
gression diagnostic procedures to ensure the appropriateness of
the models. Statistical analyses were done by using SPSS 15.0
software (SPSS Inc. Chicago, IL). A 2-tailed P value <0.05 was
considered statistically significant.

RESULTS

Characteristics of the population studied, including MetS
features and FA intake and composition, are shown in Table 1.
Briefly. 37.3% of our population had MetS. Significant inverse
correlations were found between oleic acid and the total MUFA
content of erythrocyte membranes and MetS traits (oleic acid
and total MUFAs, respectively): BMI (r = — 0.092, P = 0.003;
r = — 0.18, P = 0.0001), glucose (r = — 0.08, P = 0.006; r =
—0.80, P=0.00I), and insulin (r= —0.10,P=0.001; r= —0.13,
P = 0.001); conversely, we found significant correlations for
adiponectin (r = 0.10, P = 0.001; r = —0.14. P = 0.0001).

Genotype frequency of CLOCK variants in the GOLDN
population

SNP rsl464490 was selected as the tag SNP for a large LD
block (LDI); rs3749474, also from LDI, was selected from
bioinformatics functional assessment because of its potential
effect on mRNA structure, and rs4864584 was selected because
of its previous association with overweight/obesity (15, 16).
From the different SNPs in LD2, inclusion of rs4580704 was
based on its previous relation with BMI (16). From LD3,
we selected rs180l2602 (311 IT—*C) based on previous reports
showing associations with sleep alterations (36) and binge-
eating disorders (37). Their locations in the CLOCK gene,
Hardy-Weinberg equilibrium, and MAF of the SNPs studied
are listed in Table 2. CLOCK genotype frequencies did not de-
viate from Hardy-Weinberg equilibrium expectations. Because
rs3749474, rs1464490, and rs4864548 were almost in complete
LD and displayed a similar pattern of phenotypic associations,
only the results for the rs3749474 SNP are presented.



1469CLOCK POLYMORPHISMS AND METABOLIC SYNDROME

TABLE 1
General characteristics of the Genetics of Lipid Lowering Drugs and Diet Network (GOLDN) participants'

Age (y)
Weight (kg)
Height (m)
BMI (kg/M2)
Waist circumference (cm)
Hip circumference (cm)
Trig!ycerides (mg/dL)
Total cholesterol (mg/dL)
HDL cholesterol (mg/dL)
LDL cholesterol (mg/dL)
Fasting glucose (mg/dL)
Fasting insulin (mU/L)
Systolic BP (mm Hg)
Diastolic BP (mm Hg)
Adiponectin (ng/mL)
IL-6 (pg/mL)
Energy intake (kca!/d)
Dietary fat composition

Total fat (% of energy)
SFA (% of energy)
MUFA (% of energy)
PUFA (% of energy)
Total fat (g/d)
SFA (g/d)
MUFA (g/d)
PUFA (g/d)

RBC membrane (%)
cis Oleic acid
trans Oleic acid
Total n-9 FAs
MUFA
PUFA
SFA
Total trans FAs

Metabolic syndrome [n (%)

Obesity [n (%)]
Diabetes or high blood sugar [n (%)1
CLOCK polymorphism (n (%)]

rs4580704
GG

CG

CC

rsl801260 (3111T-.C)

GG

AG

AA

rs3749474
TT

TC

CC

Total
(n = 1100)

48.6 ± 16.42
82.9 ± 18.2
1.71 ± 0.1
28.3 ± 5.6
96.5 ± 16.2

107.4± 11.6
139 ± 115.9
19! ± 38.9

47.1 ± 13.1
122 ± 31
101 ± 18.7
13.7 ± 8.!
115 ± 16
68 ± 9.3

8341 ± 4798
1.97 ± 3.!

2116 ± 1182

35.4 ± 6.9
11.8 ± 2.8
13.3 ± 2.9
7.6 ± 2.2

85.4 ± 50.7
28. ± 18.4

32.1 ±19.4
18.1 ± 10.7

16.1 ± 1.1
1.40 ± 0.42
16.2 ± 1.04

17.97 ± 1.08
34.13 ± 1.52
35.01 ± 1.31

1.69 ± 0.48
418 (37.3)
373 (33.2)
90(8.0)

141 (12.8)
478 (43.4)
483 (43.8)

88 (5.8)
652 (43.3)
746 (49.5)

146 (13.4)
520 (46.8)
424 (38.9)

Men
(n = 540)

49.0 ± 16.4
90.4 ± 16.3
1.78 ± 0.1
28.5 ± 4.9

100.5 ± 13.9
105.8 ± 8.9

153 ± 142.3
190 ± 37.5

41.5 ± 9.8
123 ± 30
106 ± 20.8
14.1 ± 8.4
118 ± 15
7! ± 9.!

6329 ± 3519
2.07 ± 4.15
2492 ± 1403

35.9 ± 6.9
12.2 ± 2.8
13.7 ± 2.8
7.4 ± 2.0

101.2 ± 58.3
34.5 ± 21.4
38.5 ± 22.3
20.6 ± 11.9

16.25 ± 1.11
1.38 ± 0.42

16.33 ± 1.03
18.03 ± 1.09
34.15 ± 1.56
34.93 ± 1.24

1.67 ± 0.48
223 (41.4)
176 (32.5)
53 (9.8)

Women
(n = 560)

48.2 ± 16.4
75.9 ± 17.2
1.65 ± 0.l
28.0 ± 6.3
92.7 ± 17.2

108.8 ± 13.5
125 ± 82.2
191 ± 40.2

52.3 ± 13.7
120 ± 32
98 ± 1571

13.3 ± 7.9
112 ± 171
66 ± 8.9

10,204 ± 5067
1.89 ± 1.64
1768 ± 787i

34.9 ± 6.9
11.6 ± 2.7
12.9 ± 2.8
7.9 ± 2.3

70.6 ± 36.5
23.41± 12.8
26.2 ± 13.8
15.8 ± 8.8

16.03 ± l.0
1.42 ± 1.03

16.18 ± 0.43
17.91 ± 1.03
34.11 ± 1.07
35.08 ± 1.48

1.71 ± 1.37
195 (33.6)
197 (33.8)
37 (6.4)

/ BP, blood pressure; FA. fatty acid; IL-6. interleukin-6; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated
fatty acid; RBC, red blood cell; SFA. saturated fatty acid.

2 Mean ± SD (all such values).
Significantly different from men, P < 0.05 (Student's t test).

	

We first examined the association between the CLOCK SNPs	 associations with weight and BMI for SNPs rs4580704 and

	

and MetS components (Table 3). We did not detect sex het- 	 rs 1801260  (3 III T- C) (Table 3). These SNPs were also asso-

	

erogeneity for any of the SNPs examined. Therefore, we present 	 ciated with glucose and insulin-resistance related variables such

	

the results for men and women combined. We found significant 	 as plasma insulin, homeostasis model assessment of insulin
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TABLE 2	 energy) (P = 0.017) (Figure 3). Similarly, when the SFA intake
Description of CLUCK single nucteotide polymorphisms' 	 1	

was <11-8%, no significant differences were found for waist
P	 Minor - - circumference between carriers and noncauiiers (P = 0.153).

Name	 Location	 value2	 MAF	 Alleles	 allele ttt"Conversely, when SFA intake was >11.8%, minor allele carriers
rs3749474	 3'-UTR	 0.9618	 0.406	 ciT	 r ,: had larger waist circumferencei than noncarriers (P = 0.028).
rs1801260	 :3'.JJTR ':	 0.1816	 0.372	 AIG

(31 IIT-.C)	 i':
rs1464490	 lntéon1l	 1	 0.415	 '. CIT
rs4580704	 Intron 9	 0.8464	 0.332	 CIG
rs4864548	 Promoter	 0.9618	 0.406.	 :G/A

'MAF, minor allele frequency; UTR, untranslated region.
2 Hardy-Weinberg equilibrium expectations. - -

C

T	 Haplotype analysis

G If	 .To examine the combined effects of thultiple variants of
A 1	 CLOCK, we conducted a haplotyj3e •iñalysis using a subset of

;J.1,QçJ< SNPs. Although the' best method among proposed
°

sirra, tegies to select SNPs for haploype analysis is debatable, we
.' elected 3 SNPs that exhibited significant or marginally signif-

icant association with any given trait rs3749474 rs45807041
I V v • 'l	 -. and rs180l260(3111TC). ............

resistance (HOMA), and adiponectin concentrations. Moreover, 	 There were 7 haplotypes with frequencies ranging from 1% to
forrs4580704, minor allele carriers had a 31% lower risk of	 317o, which accounted for 100% of.all haplotypes in this pop-
diabetes than did noncarriers (Table 4). We found no associa- - ulation: For further analysis we selected those haplotypes with
tions between CLOCK SNPs and fasting lipids such as trigly- 	 frequencies >4%, such as TCA (31%), CGA (29%), CCC
cerides, HDL cholesterol, LDL cholesterol, VLDL cholesterol, 	 (29%), and TCG (4.3%). The 1 SNPs' in haplotypes were ar-
and total cholesterol. Conversely, postprandial triglyceridemia . ranged in the order rs3749474, rs4580704, 3111 T-' C. After
after a fat-loading test was lower in carriers than in noncarriers adjustment for covariates, haplotype . anlysis showed that car-
for the rs4580704 allele (P = 0.045). However, associations, riersof the haplotype CGA had a .lower.BMI, weight, waist
found for rs4580704 were lost when data were adjusted for BMI.: : circumference, adiponectin concentration, and blood pressure
(Tables 3 and 4).	 ' Jo:	 r V than did noncarrieS (Table 5). In addition, CLOCK haplotype

Systolic and diastolic blood pressure values were also strongly.ai CGA was significantly associated with oleic acid RBC mem-
associated with SNP rs4580704. Minor allele ciirriers had lower brane composition. Haplotype was composed of the major allele
blood pressure values than did carriers of the common allele. ' of rs3749474, minor allele of 4580704, and major allele of
These data were consistent with further logistic regression rs1801260. Data were consistentwith' previous associations
analysis, which showed that minor allele carriers had a 45% lower, bet,'een the different variables.. st6died and the particular
risk of having hypertension. These results were statistically. . CLOCK.SNP5. The frequency of CLOCK haplotype CGA was
significant after adjustment for BMI (Table 4).	 60.6% in noncarriers and 39.4% in carriers.

We found significant associations between each of the SNPs . r
examined and oleic acid and total MUFA FA membrane com-
position, with rs4580704 and rs3749474 following a dominan( DISCUSSION
pattern, whereas 3111T-'C followed a recessive pattern of inP t In this studywe replicated, iii a large USvhite'population, the
heritance (Table 3). Total fat intake was also associated with 	 previously shown associations between CLOCK gene poly-
CLOCK gene polymorphisms. Minor allele carriers of SNP	 morphisms and BMI (15, 16, 37). Moreover, we showed novel
rs3749474 showed a higher intake of fat, whereas'the opposite 	 significant associations with individual MetS components such
was true for rs4580704. After the adjustment for total fat intake, as waist, glucose metabolism-related variables and blood pres-
associations with dietary FAs disappeared, whereas those found a.L sure. Carriers of the CGA (rs37494741rs4580704/rsl80l260
for membrane FAs remained statistically significant, even after ' (31 1 T — C) haplotype had ,lower . EMI, waist circumference,
adjustment for n-3 and n-6 PUFAs. Moreover, addition of 'blood pressure, and insulin resistanceIn'addition, erythrocyte
BMI to the statistical model did not affect the significance of " membrane MUFA composition was modulated by variability at
most of the main effect associations (Table 3). To assess sleep 	 the CLOCK gene. Furthermore, the gen'etic effect was also
quality, serum IL-6 was measured. After adjusting for BMI, we 	 modulated by dietary MUFA content. This Is the first report to
found significant associations between serum IL-6 values and 4 ;show such diet-CLOCK gene interactions.
rs4580704 and rs3749474 SNPs. 	 ,, ',,We recently provided evidence of CLOCK gene expression in

We identified significant gene-diet interactions associated with s' human adipose tissue and showed its association with different
MetS at the CLOCK locus. By dichotomizing MUFA intake, we. ,components of MetS (38). In the current study, BMI was asso-
found significantly different effects across rs4580704 genotypes 	 ciated with SNPs rs4580704 and 3111 T— C. Moreover, subjects
for glucose (P = 0.020) and insulin resistance (HOMA) (P =	 with those genetic variants associated with higher BMI were
0.026). When the MUFA intake (% of energy) was below the 	 also associated with a high consumption of fat. It has been re-
median (<13.2%), no significant differences were found for 	 ported in experimental models that high-fat feeding, particularly
plasma glucose concentrations and HOMA between carriers and 	 a high intake of saturated fat, modifies circadian synchronization
noncarriers (P > 0.05). However, when MUFA intake Was 	 to light and leads to metabolic abnormalities that mimic human
^! 13.2%, minor allele carriers had significantly lower plasma 	 MetS, including obesity and insulin resistance (39). Carriers of
glucose concentrations (P = 0.025) (Figure 2) and HOMA (P =	 the minor allele of rs4580704 (CC+CG) and noncarriers of
0.004) values than did noncarriers. We also found different ef- 	 3111 T- C had lower plasma insulin concentrations. Circadian
fects across CLOCK 3111 T- C genotypes for SFA intake (% of control of glucose metabolism has been recognized from studies.
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TABLE 4
Odds ratios (ORs) for the prevalence of metabolic syndrome components
across CLOCK (rs4580704) genotype groups'

Elevated blood pressure	 High fasting glucose

rs4580704	 OR	 95% Cl	 OR	 95% CI

CC (n = 483)	 1.46	 1.080, 1.997	 1.310	 1.00, 1.70
GG+CG(n=619)	 I	 -	 1	 -
P	 0.014	 -	 0.047	 -
P2	 0.036	 0.591	 -

Cutoffs were based on National Cholesterol Education Program cri-
teria (I). Estimated means and P values were adjusted for age, sex, and
family relationships.

2 Adjusted for age, sex, family relationships, and BMI (logistic regres-
sion model).

showing variation in glucose tolerance and insulin action across
the day (40). In humans, it has been repeatedly shown that oral
glucose tolerance is impaired in the afternoon and evening
compared with the morning hours. This situation has been as-
cribed to the impaired insulin sensitivity of the peripheral tissues
and to a relative decrease in insulin secretion during evening
hours (40). Adiponectin, highly related to insulin sensitivity and
defined as a protector cytokine against MetS disturbances (41),
is a circadian protein that exhibits both ultradian pulsatility and
diurnal variation (42). In the present population, homozygotes
for the minor G allele for 31 I1T—*C had higher BMI values
than noncarriers, which could account for the lower adiponectin
plasma values observed in these subjects (41). In fact, when data
were adjusted for BMI, most of the variables related to insulin
resistance did not show statistical significance for this particular
SNP, which suggests that, for 3111 T—s C, associations with
glucose metabolism are mediated by obesity.

FIGURE 2. Mean (-SE) fasting plasma glucose concentrations by
rs4580704 polymorphism at the CLOCK gene according to
monounsaturated fatty acid (MUFA) intakes below and above the
population median (13.2% of energy). Estimated means were adjusted for
sex, age, and familial relationships. P values for the interaction (P = 0.020)
terms between fat intake and the corresponding polymorphism were
obtained in the hierarchical multivariate interaction model containing
MUFA intake as a categorical variable with additional control for the
other covariates.

SFA % of energy

FIGURE 3. Mean (±SE) waist circumference by rs1801260 (311 IT-.C)
polymorphism at the CLOCK gene according to saturated fatty acid (SEA)
intakes below and above the population median (11.8% of energy).
Estimated means were adjusted for sex, age, and familial relationships.
P values for the interaction (P = 0.017) terms between fat intake and the
corresponding polymorphism were obtained in the hierarchical multivariate
interaction model containing SEA intake as a categorical variable with
additional control for the other covariates.

Of particular interest to MetS is the effect that circadian system
has on blood pressure. In our study, minor allele carriers of
rs4850704 showed lower blood pressure values than major allele
carriers. These data appear independent to obesity because after
adjustment for BMI, associations with CLOCK gene SNPs re-
mained significant. Consistent with this finding, the risk of hy-
pertension was 46% lower in minor allele carriers than in
noncarriers, even after adjustment for BMI. Blood pressure
displays a circadian rhythmicity, rising during the day and
dipping at night (43). The loss of this pattern has been correlated
with insulin resistance and with increased end-organ damage
(44, 45). SNP rs4580704 is predicted to produce an allele-
specific CREM (cAMP responsive element modulator) binding
site (C allele on forward strand binds CREM, G allele does not).
CREM has been shown most recently to be responsible for the
circadian expression in the mouse liver of many genes that could
be implicated in cardiovascular disease risk (46).

We found no associations between CLOCK gene poly-
morphisms and fasting state lipids, such as triglycerides, HDL
cholesterol, LDL cholesterol, VLDL cholesterol, and total
cholesterol. These results agree with previous studies performed
by Scott et at (15), and Sookoian et at (16). However, after the
fat-load test, we found that the response of plasma triglycerides
during the entire 6-h period was associated with the CLOCK
rs4580704 SNP, which suggests either decreased triglyceride-
rich lipoprotein production or faster clearance of minor allele
carriers. This association disappeared after BMI was adjusted
for, which suggests that obesity influences these results. Related
to our finding was the previous report by Romon et at (47), who
showed that postprandial lipid, lipoprotein, and apolipoprotein
concentrations were affected by circadian factors. In general,
associations between erythrocyte membrane FA composition
and MetS risk were previously reviewed (6). Moreover, we re-
ported in this population significant differences in the erythro-
cyte FA profile between MetS and non-MetS subjects (48). Our
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TABLE 5
Significant associations with haplotype CGA (rs3749474/rs4580704/
rs 1801260) / 	 ______________

BMI (kg/M2)
CGA noncarrier
CGA carrier

Weight (kg)
CGA noncarrier
CGA carrier

Waist circumference (cm)
CGA noncarrier
CGA carrier

Adiponectin (ng/mL)
CGA noncarrier
CGA carrier

Systolic BP (mm Hg)
CGA noncarrier
CGA carrier

Diastolic BP (mm Fig)
CGA noncarrier
CGA carrier

cis Oleic acid (RBC membrane) (%)
CGA noncarrier
CGA carrier

Total n-9 FA5 (RBC membrane) (%)
CGA noncarrier
CGA carrier

MUFA (RBC membrane) (%)
CGA noncarrier
CGA carrier

BP, blood pressure; FA, fatty acid; MUFA, monounsaturated fatty
acid; RBC, red blood cell.

results indicate that the oleic acid contents of erythrocyte
membranes were inversely associated with obesity and insulin-
resistant traits, which supports the protective role of MUFAs
against MetS risk. However, our study goes further by demon-
strating that this protective effect may differ according to the
genetic background, in this particular case exemplified by the

CLOCK gene. Thus, minor allele carriers of any of the SNPs
examined had lower oleic acid and total MUFA contents in RBC
membranes than did homozygotes for the major allele, except
for rs4580704 SNP, for which the higher MUFA content was
associated with the presence of the minor allele. These effects
remained significant even after adjustment for obesity.

Dietary fat intake correlated with membrane FA lipid compo-
sition, with PUFA showing a tighter correlation than MUFA (49).
Oleic acid can be synthesized de novo through elongation and
desaturation processes involving the stearoyl-CoA-desaturase- I
(50). The circadian system regulates lipid metabolism throughout
the expression and/or activity of some metabolic enzymes in-
volved in FA metabolism (8, 9). CLOCK also functions as a
transcriptional regulator of different nuclear receptors, which are
known to respond to lipids, particularly PPARa and REV-ERBa
(NR1DI) (10, 11).

We hypothesized that differences in the MUFA content of
RBCs between carriers and noncarriers of CLOCK gene variants

could be due to CLOCK-related changes in the circadian regu-
lation of lipid metabolism. Indeed, our analysis with RNAfold
(33) rs3749474 suggests that the T- C base change in the

CLOCK 3 -UTR transforms the structure of this particular re-

gion, potentially affecting CLOCK mRNA stability or cellular

localization. Altered CLOCK mRNA stability could account for
a diminished activity of stearoyl-CoA-desaturase- I in RBC
membranes, resulting in the lower MUFA content characteristic

of carriers of the CLOCK variant.
Furthermore, a reduced membrane MUFA content could also

account for the progression of metabolic disorders in minor allele
carriers. It has been postulated that the FA composition of RBCs
is a reliable biomarker of dysregulation of lipid and glucose
metabolism in the liver. Furthermore, insulin resistance correlates
with changes in the FA composition of RBC membranes (51). In
our population, subjects with those genetic variants associated
with a lower oleic acid content in RBCs also displayed MetS
alterations. We could speculate as well that changes in RBC
membrane FA composition correlates with those in other cell
membranes such as the pineal gland affecting circadian system

regulation (7).
The dietary lipid profile has a direct and substantial effect on

diseases linked to MetS. It has been shown that dietary MUFAs
exert a protective role, whereas SFA intake is directly correlated
with obesity and insulin resistance (5, 52, 53). In the present
study, analyses of gene-diet interactions showed that dietary
MUFA intake could influence the association between insulin
resistance and the circadian system. Indeçd, for the rs4580704
SNP, the improved insulin sensitivity associated with the minor
allele was present only at high MUFA intakes. Furthermore, for
SNP 3111 T- C, we found a significant gene-diet interaction, by
which the deleterious effect of this gene variant on visceral fat
was present only in association with high intakes of SFAs.

Our data show strong associations between CLOCK gene

polymorphisms and plasma IL-6 concentrations. For SNP
rs45 80704, the data showed that carriers of the major allele (CC)

who reported high BMI also had decreased plasma cytokine
concentrations, which could result in decreased sleep (54). For
rs3749474, carriers of the major allele who had higher mem-
brane-MUFA concentrations and reported a lower intake of fat,
an increase in serum IL-6 concentrations associated with a better
sleep quality was observed. It is well known that different cy-
tokines exert effects on sleep time (55-57). In particular, IL-6 is
considered to be a sleep factr because concentrations are
a good indicator of sleep pattern and fatigue (57-61). These data
as a whole assume the greatest importance of sleep quality and
duration in obesity and metabolic alterations and confirm ex-
perimental and epidemiological studies linking sleep deprivation
with obesity. One limitation of the present study was the prob-
lem of multiple comparisons. False-positive results make ge-
netic association studies particularly susceptible to publication
bias. However, this study is a replication of previous work
performed by Sookoian et al (16) and Scott et al (15), which
suggest the consistency of associations.

In summary, our results in a US white population support the
notion that genetic variation at the CLOCK gene is associated

with MetS features, including BMI, waist circumference,
glucose-related variables, and blood pressure. Moreover, RBC
MUFA composition changes among genotypes. Most interesting
is the finding showing that these genetic effects on insulin re-
sistance and obesity phenotypes could be modulated by the di-
etary intake of MUFAs and SFAs. All of these results reinforce

the importance of CLOCK genes in MetS risk and the relevant

	

Mean ± SEM	 P value

	

29.04 ± 0.26	 0.016
28.06 ± 0.31

	

86.34 ± 0.81	 0.003
82.65 ± 0.95

	

98.80 ± 0.75	 0.020
96.08 ± 0.88

	

7962 ± 177	 0.006
8671 ± 186

	

116 ± 0.63	 0.006
113 ± 0.66

	

69 ± 0.37	 0.0001
67 ± 0.38

	

16.01 ± 0.05	 0.0001
16.33 ± 0.06

	

29.19 ± 0.08	 0.001
29.51 ± 0.10

17.85 ± 0.04	 0.0003
18.08 ± 0.04
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role of membrane FA composition. This new information offers
new insights to the mechanisms ]inking the circadian system and
metabolic alterations.	 '	 I
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